The hibernation phenomenon captures biological as well as clinical interests to understand how organs adapt. Here we studied how hibernating grizzly bears (Ursus arctos horribilis) tolerate extremely low heart rates without developing cardiac chamber dilation.
Introduction
Many mammals undergo a unique state of energy conservation in response to harsh climatic conditions. Grizzly bears (Ursus arctos horribilis) do not eat, drink, or urinate and demonstrate minimal activity during their annual 4-6 month hibernation period. Cardiovascular adaptations must occur for the myocardium to remain healthy and efficient during a period of extremely low heart rates and cardiac output (6, 7, 8, 12, 26) . Non-hibernators that suffer from bradycardic conditions will develop cardiac chamber dilation due to volume overload during the excessively long diastolic pauses (23, 35, 42) . Overtime, chamber dilation and elevated enddiastolic pressures lead to congestive heart failure if no intervention is sought (23, 35) . However, hibernating grizzly bears tolerate extremely low heart rates without ventricular chamber dilation (30) . The mechanisms that circumvent chamber dilation are not well understood, but they might involve increased ventricular stiffness (30) .
Molecular changes in sarcomeric and extracellular matrix proteins relate to myocardial stiffness in many forms of cardiac disease. In particular, titin, a giant sarcomeric protein (9, 17, 18, 29, 43, 45) , and fibrillar collagen types I and III (22, 32, 37, 40) most commonly exhibit changes that affect ventricular diastolic chamber stiffness. Recent studies in animal models of dilated cardiomyopathy and pressure overload have revealed changes in titin isoform expression that increase myocardial stiffness (44, 45) . Total titin content is often unchanged but increased expression of the stiffer N2B (versus N2BA) isoform results in higher passive myocardial stiffness (44, 45) . Likewise, many chronic cardiac diseases result in increased accumulation of interstitial collagen I and III via increased gene expression and decreased degradation (22, 33) .
Collagen metabolism may be stimulated by hemodynamic as well hormonal factors (38, 40) .
Cardiac titin isoform switching in hibernating bears 4 4 Collagen or titin isoform changes can adversely affect or compensate for increased chamber stiffness, and these proteins could be altered in hibernating bears.
We undertook this investigation to evaluate diastolic function, and collagen and titin isoform expression in the myocardium of grizzly bears during hibernation as compared to bears during the active period. To avoid the confounding effect of anesthesia on cardiac function, we evaluated unanesthetized subjects by echocardiography. We hypothesized that changes in ventricular compliance occur to avoid remodeling the ventricular chamber during hibernation.
Such an adaptation could prevent the negative consequences of chronic bradycardia-induced dilation and potential congestive heart failure.
Material and Methods

Animals
Four 3-year old sub adult female grizzly bears were used for this study. The mean weights in early summer were 91.7 ± 15 kgs, in late fall 120.1 ± 13 kgs, and in late winter, before emergence from hibernation, 95.6 ± 7 kgs. The animals were housed at the Washington The four bears were hand-raised, human-socialized and trained for echocardiography.
The bears have a comfortable routine of handling and were fully conscious for this study. These unanesthetized bears were used to avoid the potential confounding effects of anesthesia on in vivo assessment of cardiac function parameters by echocardiography. Diastolic function was measured in all the bears of the study at three different periods during the active phase of the year (June, July, August) and the hibernation period (December, January, February).
Echocardiography
All bears underwent a complete transthoracic echocardiographic examination that included two-dimensional, M-mode, spectral and color-flow Doppler evaluations.
Echocardiography was performed by the same person (oln) using commercially available equipment 1 . The bears were imaged in sternal recumbency with forelegs positioned cranially to optimize the parasternal thoracic windows. Standard imaging planes (canine) and function calculations have been previously described (37) and were performed in accordance with the American Society of Echocardiography (3, 15, 34) . Video images were captured using a commercially available digital echocardiography software program and data was collected offline using a workstation 1 parameters were assessed for statistical differences. Table 1 lists the echo-derived parameters and the definitions of each.
Tissues
7
Tissues were harvested from 12 animals euthanized for reasons unrelated to this project.
All animals were healthy. Six samples were collected for each group (active and hibernating).
Each group had 3 males and 3 females. The mean age for hibernating group was 9 years. The mean age for the active group was 10.5 years. The age range was 3-21 years in each group. Note that no significant sex difference was found in titin and collagen expression and that no age dependence was detected either (within the available age range). Tissues sampled from active bears were collected during June, July or August. Tissues samples from hibernating bears were collected in January or February. Sample collecting procedures adhered to guidelines provided by IACUC, WSU College of Veterinary Medicine. Tissues were collected immediately after death. Samples were obtained from left ventricular free wall (separated into endo-, ecto-and mesocardium), snap frozen in liquid nitrogen and stored at -80° C until use. Left ventricular mesocardium was used for this study because it represents the majority of the wall and thus is likely to be the main determinant of LV function. We also analyzed titin isoform expression in the epicardium and endocardium of 6 bears (4 hibernating and 2 active bears) and found no significant difference between the different layers unlike the epi-endo gradient that was reported in previous work (5) . Thus data from the mesocardium (reported below) are likely to well represent the titin expression level in the left ventricular wall.
Collagen I and III Immunohistochemistry
We used an immunofluorescence method adapted from Neagoe et al. 2002 (29) . Briefly, left ventricular mesocardium tissues were cut into 6µm sections using a freezing microtome (active, n = 6; hibernating, n = 6). Each sample was processed for both collagen type I and III according to manufacturer's instructions 2 . Specificity for the antibodies was previously validated Cardiac titin isoform switching in hibernating bears 8 8 for numerous species 2 . Briefly, the collagen type I antibody 3 was diluted 1:200 in PBS. The antibody was added to each section and incubated for 60 minutes. The samples were washed in PBS for 10 minutes. FITC conjugated anti-mouse antibody 4 was added to the sample and incubated for 60 minutes. The samples were re-washed in PBS for10 minutes and then mounted in glycerol containing 1mM 1,4 phenylenediamine. The same procedure was used for collagen type III antibody 5 . A negative control was also run for each sample using FITC conjugated secondary antibody without collagen primary antibody. The samples were examined using fluorescent microscopy 6 under 63X oil immersion and images were captured with a digital camera 7 as TIFF files at 1016 ms exposure. Images were acquired of each muscle sample of collagen type I, collagen type III and negative control. Fluorescence was quantified using a NIHinspired public domain program (ImageJ) (11). The fluorescence quantification was performed by converting the red, blue, and green channels into separate 8-bit greyscale images. The green images were evaluated using the histogram function assessing the color intensity on a scale of 0 to 256. The intensity values were averaged to yield one value for each collagen type and a negative control, for each sample.
Titin Gel Electrophoresis
SDS-agarose electrophoresis studies were performed as previously described (41) . Wet gels were scanned and analyzed with 1D scan software 8 . The integrated optical density of N2BA titin, N2B titin, total titin, and myosin heavy chain (MHC) were determined as a function of the volume of solubilized protein sample that was loaded (a range of volumes was loaded on each gel). The slope of the linear range of the relation between integrated optical density and loaded 9 volume was obtained for each protein. The N2BA:N2B ratio was calculated as the slope of N2BA titin divided by the slope of N2B titin.
Statistical Analysis
Analysis was performed using commercial statistical software 9 . Repeated measures ANOVA was used to compare echocardiography parameters and collagen quantification among the 2 groups, active and hibernating bears. Assumptions of ANOVA were satisfied; a p value of < 0.05 was considered significant. Due to the large number of echocardiography parameters, and possible multiplicity issues therein, a Bonferroni adjustment was made. The stricter p value threshold of ≤ 0.003 was considered significant for the echocardiography parameters. Paired ttests were conducted to evaluate differences in total titin and N2BA:N2B ratios between hibernating and active bears. A p value of < 0.05 was considered significant. All data are presented as mean ± standard deviation.
Results
Echocardiography
Hibernating bears had significantly lower heart rates (19 vs 84 bpm) and cardiac output indices (33.6 vs 117.7 ml/min/kg ) than the active bears (Table 1) . [Note that the heart rates given for mean rates were an average of six measures during the course of the echocardiogram.
The heart rate that was used to calculate cardiac output was the instantaneous rate at the time of the Simpson's calculation. Due to the fact that the bears have sinus arrhythmia during hibernation, the mean heart rate and the rate used for cardiac output were not exactly identical.]
We found that end diastolic volume index, stroke volume index and left ventricular ejection fraction were not different between hibernating and active bears ( Table 1 ). The diastolic volume to left ventricular muscle mass ratio was significantly greater in hibernating bears ( Figure 1A) . Thus, total volume was not different between the two groups but left ventricular muscle mass was significantly lower ( Figure 1B) . The left ventricular wall relaxation rate was decreased, the left ventricular and isovolumic relaxation times were longer, but the deceleration time of early ventricular filling was shorter in hibernating bears (Figure 2 ). The ratio of early ventricular filling to late ventricular filling of atrial contraction (E/A) was significantly increased in hibernating bears. The ratio of pulmonary venous systolic to diastolic flow was significantly lower and the pulmonary venous diastolic rate was significantly faster in hibernating bears ( Figure 3) . Thus, heart rate and relaxation rates were slower, but early ventricular filling ended sooner in hibernating bears indicating increased ventricular stiffness.
Collagen I and III
The mean collagen type I values were 36.7 ± 6.0 in hibernating bears and 33.9 ± 4.3 in active bears (p = 0.4). The mean collagen type III values were 48.7 ± 11.6 in hibernating bears and 45.7 ± 7.2 in active bears (p = 0.6). Collagen type I and III comparisons were not statistically significant between the two groups of bears. Likewise, the ratio of collagen type 1: collagen type III was not significantly different between groups. Mean ratio in hibernating bears was 0.8 ± 0.2 compared to in active bears 0.7 ± 0.2 (p = 0.79).
Titin protein expression
High resolution SDS-agarose gels revealed prominent N2B and N2BA bands in both active and hibernating bears. The densitometric gel analysis revealed no difference in the total 11 titin to MHC ratio between the 2 groups (active: 0.19 ± 0.06; hibernating: 0.18 ± 0.02; p = 0.7).
The mean ratio of N2BA to N2B titin was 0.73 ± 0.07 in the active bears and decreased significantly to 0.42 ± 0.03 (p = 0.006) in the hibernating bears (Figure 4) . Thus, total titin was not different between active and hibernating bears, but the mean expression of the stiffer N2B isoform was increased at the expense of the more compliant N2BA isoform.
Discussion
Our goal was to study cardiovascular adaptations that allow the myocardium to remain healthy and efficient during a period of extremely low heart rates and cardiac output. Our study is the first that uses unanesthetized, active and hibernating grizzly bears to avoid the confounding effects of drugs on cardiac function. For example, a previous study on anesthetized bears revealed opposing results in ejection fraction (decreased in hibernation), and heart rate, compared to the unanesthetized bears. Systolic and diastolic function parameters are known to be affected by anesthetics (19, 36) . Even though the use of unanesthetized bears is challenging, it is clear that echocardiography of conscious, well-adjusted subjects more accurately represents true cardiac physiology.
As expected, the hibernating bears had significantly lower heart rates and cardiac output than active bears (Table 1 ). Ventricular volumes were not different from the active period to hibernation, but left ventricular muscle mass was significantly lower during hibernation ( Figure   1 ). Because ventricular mass returns to baseline during the next active period (unpublished data), it is possible that cardiac myocytes atrophy during hibernation and hypertrophy during the active period. However, myocyte death and regeneration might participate to some extent as these cellular processes have been documented in certain pathologic states (4) . The finding of reduced cardiac mass (~ 26% change) during hibernation is in contrast to skeletal muscle, which demonstrates limited atrophy (< 10% change) with disuse (24, 39) . These findings suggest interesting differences between adaptations in cardiac vs. skeletal muscle that warrant future follow-up studies highlighting an independent measure of cardiomyocyte size.
Systemic arterial pressures were not obtained in these conscious bears, but blood pressure did not differ between active and hibernating anesthetized bears in an earlier study (30) . The ventricular volume to mass ratio is an important clinical determinant of ventricular wall stress in humans with cardiac disease (27) . Higher ratios are typically associated with elevated myocardial wall stress, and are known to trigger compensatory ventricular muscle hypertrophy (31) . Instead, reduced cardiac mass is present in hibernating bears which might be due to the absence of food intake during hibernation or decreased activity.
Diastolic function parameters revealed prolonged relaxation times during hibernation and reduced LV filling deceleration time (DT E ). Increased relaxation times have been associated with bradycardia (32) but the reduced DT E that we found is unique (Figure 2) . DT E is known to be an accurate indicator of ventricular stiffness in numerous cardiac conditions and is a clinically accepted standard measure of left ventricular operating stiffness (3, 15) Restrictive filling pattern of pulmonary venous inflow in hibernating bears was also consistent with increased ventricular stiffness (Figure 3) , which mirrored the early ventricular filling waveform and DT E . Chamber stiffness relates to how much pressure is required to fill the ventricle for a given volume of fluid.
The stiffer the chamber, the more rapid the pressure rises inside the chamber and the earlier the filling phase is completed (1, 2, 15) . Left ventricular stiffness is governed by a number of factors that include ventricular geometry (particularly hypertrophy) and myocardial stiffness (largely related to tissue collagen content and titin expression) (3, 9, 17, 18, 33) . Considering that myocardial hypertrophy is not detected in hibernating bears, it is likely that the increased ventricular stiffness involves changes in either collagen or titin. Our findings indicate that collagen expression was not different between active and hibernating bears suggesting that collagen played no major role in altering ventricular stiffness characteristics. We found no difference in the total titin to MHC ratio between the two groups, but the mean expression of the stiffer N2B isoform was increased at the expense of the more compliant N2BA isoform in hibernating bears (Figure 4) , indicating that changes in titin expression might explain the increased ventricular stiffness. Preliminary data suggest that approximately a week after feeding starts, at the beginning of the active period, echo parameters have mostly recovered to those of active bears. However, additional data is needed to confirm and extend this result, including exploring the role titin and collagen in the recovery process.
Hibernating rodents have demonstrated opposing results in titin expression (6, 43) . Some of the differences between our study and that of hibernating rodents may be due to conditions of study (microgravitation for rodents), difference between cardiac and skeletal muscle adaptations, or possibly due to species differences. For example, in contrast to hibernating ground squirrels, hibernating bears to not show degradation of fast muscle fibers (20) . Hibernating bears are also unique in that they are less hypothermic (33 o C) than hibernating rodents (5-7 o C) (21) . Thus calcium handling dynamics may be affected to a lesser degree in bears than in rodents.
Titin is a giant elastic protein that spans form Z-disk to M-line. The I-band region of titin is extensible and functions as a molecular spring that develops passive force in sarcomeres that are stretched beyond their slack length. The difference in the molecular mass of N2BA and N2B isoforms (~3.3 MDa vs ~ 3.0 MDa) is largely due to differential splicing of the tandem Ig and the PEVK segments of titin that comprise the molecular spring. As a result the molecular spring 14 is shorter in N2B titin, and a given change in sarcomere length gives rise to a titin-based force that is higher for N2B titin (its shorter extensible region results in higher fractional extensional) than for the longer N2BA isoform (9) . Thus upregulation of N2B titin can explain the increased wall stiffness in hibernating grizzly bears.
Correlations between titin expression and ventricular systolic and diastolic function have been observed in humans (14, 28) . In DCM, increased N2BA expression resulted in a decrease in ventricular stiffness which may be important in reducing ventricular filling pressures for a given volume (reducing symptoms of congestive heart failure) (2). However, while diastolic function improved, increased N2BA expression has been correlated with a negative effect on systolic function (14, 16) . This can be explained by the finding that titin-based passive force enhances calcium sensitivity. Thus, the calcium sensitivity effect is reduced when N2BA:N2B ratios are high (14, 25) . In contrast to human DCM, an increased calcium sensitivity is predicted in hibernating grizzly bears due to the upregulation of N2B titin.
Changes in titin isoform expression might be an adaptive response that occurs during hibernation to allow the myocardium to remain healthy and efficient during a period of extremely low heart rates and cardiac output. A possible explanation for the functional significance of increased ventricular stiffness may be that it is compensatory for the reduced muscle mass relative to volume, and the profound bradycardia. Increased ventricular wall stress and prolonged diastolic filling are typically associated with dilation/ remodeling of the chamber. Table 1 . Echocardiographic parameters recorded in conscious grizzly bears during the summer active period and during hibernation, n = 4. Note that to account for differences in the size of the bears, various indices are shown normalized to body mass. All data are presented as mean ± standard deviation. A p value of ≤ 0.003 was considered significant. 
